The need for new materials to substitute injured or damaged parts of the human body has led scientists of different areas to investigate bioceramics since the 70's, when other materials in use started to show rejection problems. Ceramics show some advantages like being the material that best mimics the bone tissue, although present low toughness when compared with the metallic materials. As patients have become more and more demanding regarding esthetic and biocompatibility aspects of their dental restorations, ceramic material has become a main object of scientific interest especially from the material point of view. The alumina-zirconia composites are one of the relatively good and promising candidate for biomaterials application, due to biocompatibility and their mechanical properties that combines high flexural strength with a high toughness. The aim of the present work is to analyze the mechanical properties of these composites, where Y-TZP zirconia content was varied from 5 to 80 wt.% These systems can achieve a flexural strength 93 % and fracture toughness 29 % superior when compared to the pure alumina ceramics. These results showed that ceramic abutments components can be prepared for prosthetic rehabilitations with dental implants.
Introduction
A great progress in dental restorations thecnique has been established by the use of ceramic materials since the 70's. In some field application, the tendency is the elimination of the metallic substructure, including implant restorations. These materials show relative advantages, like esthetic, biocompatibility and chemical resistence. One problematic aspects of ceramic materials and of dental ceramics in particular is their low mechanical resistance and fracture toughness(K IC ) 1 . Osseointegrated dental implants are been used since 80's in the rehabilitation of partially and totally edentulous patients 2 . The metallic abutments used in prosthetic restorations with implants mat compromise the esthetic in some cases 3 .
To minimize this problem, some implant systems developed ceramic abutments. The use of alumina and zirconia with high density like biomaterial have been proposed. Alumina has shown excelent biocompatibility and wear resistance however exhibits low flexural strenght and toughness 4 . The pure zirconia cannot be used in the manufacture of parts without the addition of stabilizers 5 . The yttria-tetragonal zirconia polycrystal(Y-TZP) has become a popular alternative to alumina as biomaterial and is used in dental applications such as endodontic posts 6 , orthodontic brackets 7 , crowns and bridges 8, 9 and in ceramic abutments 10 , beside the extensive experience of using the ceramic in orthopedics implants 11, 13 . Zirconia presents good esthetic aspects after polishing, is inert in physiological environment, presents greater flexural resistance and toughness and lower Young's modulus when compared with pure alumina 14 . The ability of Y-TZP to transform from tetragonal crystalline structure to a more voluminous monoclinic structure, and thus obstruct crack propagation, gives the material its strength and toughness 9 . The addition of zirconia in the alumina as sintering additive have being used for long time with the objective of alumina based ceramics densification. However, the concept of toughening alumina ceramics with dispersion of zirconia particles in a matrix was only recognized in the last 20 years. The introduction of small amounts of zirconia in alumina as additive of sintering causes the formation of solid solution which promotes the densification process by the introduction of defects 15 . On the other hand, the microstructure of a composite material is formed from the addition of one second phase. A composite material is the way to improve reliability and lifetime of ceramic abutments by providing higher fracture toughness and mechanical strength. Material scientists are already familiar with composites like alumina-zirconia [15] [16] [17] [18] [19] [20] [21] . Since both materials are biocompatible, this could prove to be a new approach to dental abutments. Despite the community of biomaterials being already familiar with alumina and zirconia separately, by being both biocompatible, little was published in literature on the use of alumina-zirconia composites as biomaterial 14 . Two types of composites can be prepared from this system: a matrix of zirconia stabilized and strengthened with particles of alumina(Y-ATZ) or an alumina matrix strengthened with particles of zirconia(Y-ZTA) 4, [21] [22] [23] . With both materials higher toughness values when compared with the monophase ceramics can be reached 24 . In the current study, the hardness and fracture toughness of alumina-zirconia composites with respect to zirconia content are explored in details by utilization of Vickers indentation technique. The mechanical strength is also analysed by four point flexural tests.
Experimental procedure
The commercially available powders used in this work were the oxides alumina, and yttria-stabilized zirconia(3 mol%) from two different manufacturers. Alumina SG-1000 (Alcoa-USA) presented specific surface area of 10,47 m 2 /g(BET) and average particle size determined by laser scattering (d 50 = 0,44 µm). The the yttriastabilized zircônia(TZ3YSB -Tosoh Corporation -Japan) containning binder deposited by spay-drier, presented specific surface area of 6,21 m 2 /g(BET) and average particle size by laser scattering(d 50 = 0,35 µm). The yttria-stabilized zirconia (3Y-TZP -Mel Chemicals -England), presented specific surface area of 11,10 m 2 /g(BET) and average particle size by laser scattering (d 50 = 0,19 µm).
Different compositions were prepared with mixture of oxides varying the zirconia amount from 5 to 80 wt.%. To attain the compositions, mechanical milling was performed in ethanol with 50 wt.% of solids content for 1 h and a half, in ball milling, with zirconia grinding medias (Ø = 2 mm). Citric acid (0.6% wt.%) was used as dispersant and polyethylene glicol (2 wt.%) as the binder. The slurry of the powder mixtures was dried in rotatory evaporator, and the dried lumps were crushed and passed through a sieve. (65 Tyler mesh(0,212 mm). Powder compacts with dimensions of 5 × 6 × 80 mm were conformed by uniaxially pressing at 55 MPa. The green bodies density was calculated from the ratio weight/volume. The withdrawal of the binder was carried through in a furnace type muffle with heating rate of 6 °C/min at 600 °C per 180 min. The sintering was carried out in air in a box furnace and in the temperature range of 1500 -1600 °C for two hours, as the composition. The final density was measured by Archimedes method.
After the inlaying of the samples in bakelite, they were ground by silicon carbide(SiC) paper in sequence of #150, #180, #220, #320, #400, #600, for the complete removal of the material of inlaying and attainment of a plain surface. After, the samples had been polished with diamond pastes in the sequence of 15, 9, 6, 3, 1 and 0,25 µm to produce optical reflective surface. During this stage, the samples were observed in optical microscope OLYMPUS LECO PME-3, with the aid of the image software IMAGE IA-3001, for the evaluation of the burnishing process. The burnishing time was not fixed, it was a function of the evolution of the process, the paste was only changed when the average size of the defect in the polishing surface, which was quantified through the optical microscope, was in the order of magnitude of the abrasive.
For all tested materials, the average grain size of the alumina and zirconia grains was determined from SEM images of randomly selected areas of the polished and thermally etched specimens using the linear intercept method. The average value was obtained based on the analysis of at least 150 grains for each material.
The methodology used for the determination of hardness, was in accordance with ASTM C 1327-99 25 . Thirty Vickers impressions had been carried through in the surfaces of each one of the samples, which already were polishing, using an applied load of 10 kgf (98.1 N) during ten seconds. After the diagonal length measurement, the values of the Vickers hardness (GPa) were calculated, by the following equation:
Where: H V = Vickers hardness (GPa); P = applied load (N); d = arithmetic mean of the two diagonal length(mm).
The determination of fracture toughness at ambient room temperature followed the pattern ASTM C 1421-99 26 . Fracture toughness is given by the values of K IC, the mode I critical stress intensity factor, under which failure does not occur. The factor K IC was determined using the direct crack measurement method. In this procedure, the crack measurement was carried out soon after indentation, searching to prevent the slow crack growth after the impression, initiated by the composites for ceramic abutments stress field that acts after removal of indenter. Each Vickers impression presented two pairs of radial cracks emerging from the corners. A total of sixty pairs of cracks were obtained. For calculations, at least thirty perfect pairs of cracks were used for each composition, those that did not present interactions with burnishing imperfections and deviations from crack. Three equations were used to determine the K IC values as follows: Eq. 2 -Anstis 27 , Eq. 3 -Casellas 28 and Eq. 4a and 4b -Niihara 29 .
(2) In this work, the Young's modulus were obtainned by rule of mixtures starting from 210 GPa for zirconia 14, 30, 31 and 380 GPa for alumina 14, 30 . Tuan, W.H. et al. 32 measured the Young's modulus by ultrasonic wave and for comparision plotted the line predicted by the rule of mixtures. Only slightly lower values of Young's modulus than that predicted by the rule of mixtures were found for the analysed compositions. We can justify the use of this method because we have had samples with high density and a low defects number.
The presence of porosity can reduce fracture toughness by the reduction of the resistant area and by the effect of stress concentration in the pores. The correction was carried out by using the following equation 27 :
Where: K IC = fracture toughness considering the porosity(MPa. The sintered specimens were machined longitudinally with a 400 grit resin-bonded diamond wheel at a depth of 5 µm/pass with ample water coolant. The final dimensions of the specimens were 3 × 4 × 60 mm. The strength of the specimens was determined according with ASTM-1161-90 34 by four-point flexural test(EMIC-DL 10000 -universal test machine), at ambient room temperature conditions. The upper and lower spans were 15 and 30 mm, respectively. The cross-head speed was 0.5 mm/min. At least thirty specimens for each composition were tested.
Throughout this paper, the following nomenclature has been used for pure oxides and composites: "A" indicates alumina, "XX ZT" represents zirconia Tosoh, "XX ZM" represents zirconia Mel Chemicals and XX represents the zirconia content (wt.%) in the composite. For instance, 80 ZT means composite with zirconia from Tosoh with 80 wt.% of zirconia.
Results and discussion

Density
The sintered pure oxides and composites showed relative density in the range of 99.13% to 99.86% (Table 1 ). The total porosity less than 1%vol is required to high pure ceramics of alumina and zirconia for surgical implantations.(ASTM F-603-00 35 and ASTM F-1873-98 36 , respectively). In general, sintered samples with higher relative density exhibit greater mechanical properties. However, there is also an influence of microstructure uniformity on mechanical properties. The highest density were obtained for 80 ZT e 80 ZM (Table1). From pure alumina (A) untill 21 wt.% zirconia Tosoh (21 ZT), the density of the composites increases with the increase of zirconia content, indicating that the addition of zirconia particles allowed the densification of alumina matrix. In the same way, starting from pure zirconia to 80 ZT, the adittion of alumina enhanced the composite densification. Observations of the sintered materials by scanning electron microscopy (SEM, JSM-5200-LV, Jeol, Japan) showed highly homogeneous microstructures without aglomerates, pores or abnormally grown alumina grains. X-ray diffraction analyses of the samples indicated that only α-alumina, tetragonal and monoclinic zirconia are the crystalline phases present in both the pure and in the composites. A fine and a bimodal distribution of particles size allowed the most efficient fulfilling of the matrix socket for uniaxially pressing, promoting better densification of the powders. The use of 0.6 wt.% 37,38 of citric acid as dispersant was effective to prevent agglomerates which are sources of imperfections during sintering 39 .
Indentation load and Vickers hardness
The hardness Vickers of the composites obeys a linear mixture rule 40 . It can be observed that with the increase of zirconia content, the hardness of the composites diminishes (Table 1) . Higher hardness values imply in good wear and scratch resistance. However, the machining can be very hard to be done. The indentation load is critical in the measure of hardness and fracture toughness using the indentation method. The amount of load could affect the indentation size and the crack length, being dependent of the sample dimension and the microstructure of the material. Many ceramic that show a decrease of hardness with the load increase can have this problem solved 41 . The solution is that the measure of the Vickers hardness be carried out in raised loads 42 , above of 50 N, where the influence of the load in the measure of the hardness decreases and so the standard hardness can be obtained.
Flexural strength measures
The ceramic strength values usually exhibit a large scattering (up to 100%) even for high performance ceramics 43 . This well known phenomenon, which arises from the scattering of the initial sizes of the defects responsible for failure, is generally studied statisticaly by means of Weibull's analysis. The first and most important step for improving the strength and reliability of ceramics is to reduce the size of cracks and defects 44 . This can be achieved by obtaining a fine-grained more uniform and more dense structure by use of improved powders(higher purity and a fine and narrow initial particle size distribution) as well as by adopting better processing techniques. The composites 80 ZT and 80 ZM presented flexural strength 90% and 93% higher when compared with pure alumina, respectively, showing that the second phase addition provided a composite with a more dense and refined microstructure, a reduced size of the crack population, and as expected that the strength of ceramics is inversely proporcional to the square root of the grain size 45 .
Measure of fracture toughness
The zirconia addtion had a large effect in increasing the fracture strength 28 , but its influence on fracture toughness was much smaller ( Table 1 ). The reason for this behavior can be the absence of two of the main toughening mechanisms of ZTA: crack bridging and the transformation toughening. The crack bridging is negligible because of the small grain size of alumina (only small bridges were detected in pure alumina). The transformation toughening is also absent because only 5% of ZrO 2 transforms on fracture surfaces. The reason for this can be the fact of the ZrO 2 average particle size is too small that it can not activate the stressinduced phase transformation. In fact, the authors had found greater values of fracture toughness when the grain size of alumina matrix and zirconia particles had been increased with thermal treatments of grain growth. The size of the tetragonal particle and the stabilizer content, have great influence in the tension required for the transformation of tetragonal particle 46 . The critical grain sizes increase with the Young's modulus of the composite, which is related with the restrictions imposed to the matrix. A time that the Young's modulus decreases with the zirconia content in accordance with the rule of mixtures, the critical grain sizes will be lesser in composites with higher zirconia.
In the composites with alumina matrix or either with a high percentage of alumina, the increase in the amount of tetragonal zirconia generally involves a considerable increase of K IC 20, 42, 47 . Starting from pure alumina up to 21 ZT or 15 ZM, an increase of K IC can be observed. Hardness and fracture toughness values from Table 1 have shown that as the hardness values reduce with the increase of zirconia content in the composite, the K IC values had increased. This result suggests that the zirconia addition change the composite behaviour. Possibly a phase transformation occurs 48 , which is an important mechanism in the alumina-zirconia composites. Other mechanisms such as microcrack formation or crack ramification can even be present 49 . The presence of the tetragonal phase has two beneficial effect: one of the factors is that there is no formation of microcracks in the material due the volumetric expansion (3 to 5%) under martensitic phase transformation, when the tetragonal zirconia particles transforms into monoclinic zirconia. The formation in excess of microcracks can degrade its mechanics resistance. Another effect is that when the transformation tetragonal to monoclinic occurs, the resultant expansion creates compression zones that make it difficult the crack propagation from the defects of the material. As the second mechanism that acts in these composites, the microcracking that occurs around zirconia particles transformed causes energy dispersion and toughening the material. This mechanism operates in the same direction of the phase transformation and it is more important in the composites with higher zirconia content 50 . It can also be verified leaving from the pure zirconia that the 20 wt.% of alumina addition in the matrix of zirconia (80 ZT or 80 ZM), promoted the highest value of K IC , been 23% and 29% superiors to the K IC value found for pure alumina, respectively. Superior K IC values for 80 ZM can be explained by the better densification of the composite and by a finer and narrow particle size distribution, a greater specific surface area and a higher retention of the tetragonal phase 51 when compared with 80 ZT. In addition, other mechanisms that promotes the increase of fracture toughness such as crack bridging and crack deflection could be activated when alumina is added the zirconia stabilized with yttria.
Use of equations for indentation fracture toughness calculations
It is well known that toughness measurement using microindentation methods are readily influenced by the surface condition of sample as compared to that using the bulk techniques 52 . The employment of various techniques to measure fracture toughness would yield different results possibly due to difference of crack mechanisms induced, althought, arguments may be just due to the different toughness equations used( Table 1 ). The Eq. 3 and Eqs. 4a and 4b supply K IC values that are 50% and 43% superior for the same material when compared to the values obtained from Eq. 2, respectively. The low K IC obtained in samples with residual stress produced by indentation can be attributed to the fact that the equation proposed by Anstis with the parameters of adjustment A = 0.016 and n = 0.5 underestimates the residual stress field. Some authors have proposed correction for the parameter A (more than 20%) to be used in ceramics containing zirconia 20, 28 . Despite the Anstis equation be widely applied for estimates the fracture toughness, its results are only average numbers calculated to adjust the results for a high range of materials. In the case of alumina, these values are used and present good results.
Crack system
Two types of crack system are at least produced by a Vickers indenter, i.e., a median crack system and a Palmqvist crack system. Generally, the high toughness material shows Palmqvist crack system. However, most materials will present both crack systems dependent on the amount of load 31, 52 . One way to distinguish the crack system present in the analysed material consists on verification of c/a ratio 29 . If it is less than 2.5, than the material shows Palmqvist crack system as for the samples 100 ZT, 80 ZT, 100 ZM e 80 ZM in Table 1 . If it is greater or equal 2.5, the material exhibiths median crack system. The crack system mode for Y-TZP and composite with 80 wt%. of Y-ZrO 2 , under loads of < 98 N, presents the Palmqvist crack system regardless of fracture toughness. All the other samples had presented median crack system 53 . For each sample, the value of a (semi-diagonal length) is approximately constant and therefore, the ratio c/a increases with the increase of the crack length 54 and lower is the fracture toughness of the analyzed sample. It is possible to verify in Table 1 that lesser crack length was presented for the samples 80 ZT and 80 ZM and that higher were the K IC values , independently of the equation used for its calculation, which allows to conclude that the trend observed for the K IC values for the samples of this work is not related with R-curve effects, where the resistance to crack propagation or the toughness would increase with the increase of crack length 31 .
Conclusions
1. The analysis of the zirconia-alumina composites have shown that the zirconia addition promotes composites with higher densities, higher flexural strength and fracture toughness. It was shown that there is an inverse dependence of K IC on the hardness. 2. These composites can achieve a flexural strength 93% and fracture toughness 29% superior when compared to the pure alumina ceramics. 3. The pure zirconia and the composite with 80% of zirconia addition have shown Palmqvist crack system under indentation load of 98,1 N. The other compositions have shown median crack system. 4. The use of different equations for indentation fracture toughness calculations have shown differences of 50% for K IC values for the same composition. 5. The composites with higher zirconia content studied in this work exhibited higher flexural strength and fracture toughness when compared with the pure alumina or even with the pure zirconia. These composites seem to be an adequate material to be used in the manufacture of implant abutments instead of the pure oxides actually in use. The relatively lower hardness values obtained for these composites when compared with pure alumina can be suitable for ceramic abutments in the attainment of their final form by machining. Althought, other works including in vivo tests with aluminazirconia composites with higher zirconia content should
